Incubation of membrane fragments bearing acetylcholine receptors from Torpedo californica under an atmosphere of 3% halothane, 1% chloroform, or 6% diethyl ether greatly facilitates the carbamoylcholine-induced structural transition of the acetylcholine receptor reflected by alterations in the rate of binding of 125IIlabeled a-bungarotoxin. The The inhibition by carbamoylcholine of the rate of snake neurotoxin binding to membrane-bound acetylcholine receptor protein from Torpedo electroplaques increases upon pretreatment with this cholinergic agonist (1-3). This observation has been interpreted in terms of a reversible agonist-induced structural transition in the receptor to yield a conformational state of the protein that binds the agonist more tightly. The half-time of the observed structural transition of the receptor protein is approximately 1 min and is diminished by calcium ions and by increased temperature.
in the snake toxin binding assay corresponds to desensitization of the receptor in vivo, facilitation of this conformational change by volatile anesthetics provides an attractive model for the pharmacological action of these compounds. The inhibition by carbamoylcholine of the rate of snake neurotoxin binding to membrane-bound acetylcholine receptor protein from Torpedo electroplaques increases upon pretreatment with this cholinergic agonist (1) (2) (3) . This observation has been interpreted in terms of a reversible agonist-induced structural transition in the receptor to yield a conformational state of the protein that binds the agonist more tightly. The half-time of the observed structural transition of the receptor protein is approximately 1 min and is diminished by calcium ions and by increased temperature.
Calcium-dependent pharmacological desensitization has been well documented by electrophysiological methods at the neuromuscular junction (4, 5) and in electroplaques from eel (6, 7) and possibly from Torpedo (8) . A desensitization-like phenomenon is also demonstrable in vitro, using 22Na-enriched microsacs prepared from Torpedo electroplaques (9) . The desensitized state of the postsynaptic membrane is induced by prolonged ionophoretic treatment with a cholinergic agonist such as carbamoylcholine. In this condition the membrane is refractory and no postsynaptic depolarization can occur upon further application of cholinergic agonist. The temporal relationship between the onset of desensitization observed electrophysiologically (4) and the structural transition of the receptor protein characterized in vitro by its increased affinity for carbamoylcholine suggests that the two processes might be intimately related (1) (2) (3) .
Solubilization of Torpedo receptor protein with various detergents alters its agonist-binding affinity (10) (11) (12) (13) (14) (15) . Moreover, agonist-induced conformational changes are not observed with detergent-solubilized receptor (3) . The requirement for the protein to be associated with membrane in order to exhibit these ligand-induced structural changes strongly suggests that protein-lipid interactions exert an important conformational constraint on the receptor protein and could play a crucial role in its function.
Since precedence exists for disruption of a protein-lipid interface by the small hydrophobic molecule benzyl alcohol (16) , it seems likely that general anesthetics such as halothane (2-bromo-2-chloro-1,1,1-trifluoroethane), chloroform, and diethyl ether are capable of perturbing protein-lipid interactions. We have investigated the effect of these volatile anesthetics on ligand-induced conformational changes of membrane-bound acetylcholine receptor protein prepared from Torpedo californica. Although these inhalational agents have only a marginal effect on the rate of snake toxin binding to the receptor, the carbamoylcholine-induced structural transition of the receptor protein observed in a snake toxin binding assay is accelerated at least 10-fold if receptor-containing membrane fragments are incubated under an atmosphere of 3% halothane, 1% chloroform, or 6% diethyl ether. These are concentrations used to induce clinical anesthesia. The effect of these volatile anesthetic agents is reversible and is observed with d-tubocurarine, which induces changes on the toxin-binding properties of the receptor that are similar, though smaller, than those observed with carbamoylcholine. There is no synergistic effect involving anesthetic and carbamoylcholine on the kinetics of snake toxin binding to receptor protein that has been solubilized with Triton X-100 detergent. If the conformational change induced by carbamoylcholine observed in the snake toxin binding assay corresponds to desensitization of the receptor in vivo (4) , an interesting model system for the mode of action of general anesthetics emerges from these studies. A preliminary report of these data has appeared (17) .
MATERIALS AND METHODS
The following materials were obtained commercially: carbamoylcholine chloride, phenylmethylsulfonylfluoride, Triton X-100, and 1X recrystallized bovine serum albumin (Sigma); d-tubocurarine chloride (K & K Laboratories, Brunswick, NJ); lactoperoxidase (EC 1.11.1.7) (Calbiochem); Na'25I (New England Nuclear); VC 02500 nitrocellulose filter papers (Millipore); DEAE 81 filter disks (Whatman); halothane, containing Abbreviations: a-Bgt, a-bungarotoxin; Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 Assay of a-Bgt Binding to Acetylcholine Receptor. a-Bgt was labeled with 125I using lactoperoxidase (21) and purified by gel filtration with Sephadex G-50 (fine) followed by ionexchange chromatography with DEAE-cellulose. Specific activities of 4.0-6.6 X 106 cpm/nmol of toxin were generally obtained from iodination of 1 mg of a-Bgt with 1 mCi of carrier-free Na1251.
The binding of 125I-labeled a-Bgt to membrane-bound acetylcholine receptor was assayed using nitrocellulose filter disks in our initial experiments (Figs. 1 and 3). VC papers (Millipore) were wetted by passage of 0.3 ml of 15% Triton X-100 (vol/vol) through the filter paper by suction. Then 40
Al of the solution containing receptor and 125I-labeled a-Bgt were pulled through the filter paper, which was then washed twice with 1-ml aliquots of 0. 3 and 4), this treatment was followed by incubation with carbamoylcholine for the time indicated in the figure legend. In certain indicated cases, cholinergic ligand was present during the initial equilibration. Reactions were initiated by addition of '25I-labeled a-Bgt and, where appropriate, cholinergic ligand. The time course of toxin binding was monitored by addition of an aliquot of the reaction mixture to a 65-fold excess of unlabeled a-Bgt at various times followed by assay using one of the procedures described above. Concentrations of a-Bgt binding sites and 125I-labeled a-Bgt, given in the figure legends, were determined by titration, with unlabeled a-Bgt as the primary standard. Reaction mixtures contained 0.1 M NaCl, 1 mM CaCl2, 0.02% NaN3, and 1 mM sodium phosphate (pH 7.4) (Figs. 1 and 3 ) or 10 mM Hepes (pH 7.4) (Figs. 2 and 4) . When a preparation of membrane fragments was diluted into either buffer, the observed carbamoylcholine-induced structural transition of the receptor protein was unaltered. Tritonsolubilized receptor protein was diluted into Hepes buffer as described above and pretreated in the presence or absence of 1% chloroform at 210 for 30 min. Kinetic methods were the same as described for membrane-bound receptor.
Delivery of Inhalational Anesthetics. Gaseous mixtures of 3% halothane, 1% chloroform, and 6% diethyl ether were generated by a simple gas flow system (23) . To generate 3% halothane, we passed air at 50 cm3/min flow rate through the anesthetic at 21°in a closed system. A second stream of air of flow rate 725 cm3/min was mixed with the effluent emerging from the halothane. Most of the resulting air flow was bled to the atmosphere, but a small but constant flow was passed through a small vial of distilled water to humidify it prior to delivery over the receptor solution. Mixtures of 1% chloroform and 6% diethyl ether were generated at 210 in an analogous fashion. The appropriate flow rates were 25 and 625 cm3/min for chloroform and its dilutant air, respectively, and 40 and 825 crn3/min for diethyl ether and its dilutant air, respectively.
RESULTS
The effect of exposure of receptor-enriched membrane fragments to 0.5 ,uM carbamoylcholine for 30 min prior to initiation of the toxin binding reaction is illustrated in Fig. 1 (Fig. 3A) . Fig. 3B Although we have observed variability in the rate of the carbamoylcholine-induced structural transition of the acetylcholine receptor, treatment of the membrane preparation with one of the general anesthetics always resulted in a substantial facilitation of the ligand-induced conformational change. Accordingly, our qualitative observation with respect to the general anesthetics tested is independent of the observed control rate.
We have examined the effect of pretreatment of membrane fragments with the pharmacological antagonist d-tubocurarine on the kinetics of toxin binding. As shown in Fig. 2C , we have observed a slight increase in the inhibition of the rate of snake toxin binding upon pretreatment with this ligand with some preparations of membrane fragments. Others have demonstrated a synergistic effect between agonists and some antagonists on the conformation of the membrane-bound acetylcholine receptor (1, 2, 24 ). These authors have suggested a relationship of this agonist-antagonist synergism to the metaphilic behavior of agonists with respect to some antagonists observed in vto at the neuromuscular junction (25) . Consistent with the reported synergism is our demonstration (Fig. 2C) (0) These results provide an interesting insight into a potential mechanism of general anesthesia. Interruption of synaptic transmission rather than axonal transmission is a more likely mechanism for general anesthesia (28) . The multineural polysynaptic pathways of the brain stem reticular formation are regarded as crucial toward the maintenance of consciousness. General anesthetics selectively depress transmission through these pathways (29) . Moreover, concentrations of chloroform or ether causing surgical anesthesia inhibit synaptic transmission, but not axonal transmission, in cat sympathetic ganglia (30) .
Electrophysiological studies at the neuromuscular junction for a variety of volatile anesthetics, including diethyl ether and halothane, support the view that general anesthetics interrupt synaptic transmission by reduction of the sensitivity of the postsynaptic membrane to neurotransmitter (31, 32 model for the pharmacological activity of volatile anesthetics as well as local anesthetics (3).
